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We obtain exact spatiotemporal periodic

traveling wave

solutions to the generalized

(3 + 1)-dimensional nonlinear Schrodinger equation with distributed coefficients. We utilize these
solutions to construct analytical light bullet soliton solutions of nonlinear optics.
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The nonlinear Schrédinger equation (NLSE) is one of
the most useful generic mathematical models [1] that
naturally arises in many fields of physics. Major interest
in the NLSE was piqued by the discovery of solitary wave
solutions [2,3]. Stable exact soliton solutions to the NLSE
are known only in (1 + 1) dimensions [(1 + 1)D], for the
simple reason that the inverse scattering method [2], re-
sponsible for the existence and stability of 1D solitons,
works only in (1 + 1)D. There are no known exact stable
solitons in (2 + 1)D or (3 + 1)D.

Recently, great interest has been generated when it was
suggested that the (2 + 1)D generalized NLSE with vary-
ing coefficients may lead to stable 2D solitons [4]. The
stabilizing mechanism has been the sign-alternating Kerr
nonlinearity in a layered medium. A vigorous search for the
stabilized localized solutions of the (2 + 1)D NLSE has
been launched [5-7]; however, out of necessity, it has been
numerical. Rare experimental solutions have been pro-
vided in Ref. [8]. We present here analytical periodic
traveling wave and soliton solutions to the NLSE in (3 +
1)D.

Our interest is focused on the generalized NLSE in (3 +
1)D with distributed coefficients [9]:

BR)
2
which describes the evolution of a slowly varying wave
packet envelope u(z, x, y, f) in a diffractive nonlinear Kerr
medium with anomalous dispersion, in the paraxial ap-
proximation. Here z is the propagation coordinate, A | =
02 + 6% represents the transverse Laplacian, and ¢ is the
reduced time, i.e., time in the frame of reference moving
with the wave packet. All coordinates are made dimen-
sionless by the choice of coefficients. The generalized
NLSE is of considerable importance, as it describes the
full spatiotemporal optical solitons, or light bullets, in (3 +
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1)D. The functions B, x, and vy stand for the diffraction or
dispersion, nonlinearity, and gain coefficients, respectively.

When the coefficients are constant, the behavior of
solutions to the NLSE strongly depends on the dimension-
ality of the problem. In (1 + 1)D, as mentioned, one can
observe stable localized wave packets. However, in (2 +
1)D, for the self-focusing nonlinearity all localized solu-
tions either spread out with propagation (for input powers
less than a critical value) or collapse at a finite distance (for
powers above the critical value) [10]. This behavior is an
example of weak collapse. In (3 + 1)D, one observes the
strong collapse: Wave packets collapse at any power—no
power threshold exists.

Utilizing an F-expansion technique [11] and a procedure
for balancing terms in the expansion [12], we present in
this Letter a method for finding analytical periodic travel-
ing wave solutions to the (3 + 1)D NLSE with distributed
coefficients.

We define the complex periodic wave or light bullet field
u of Eq. (1) in terms of its amplitude and phase [13]:

u(z, x, y,t) = Az, x, y, ) exp[iB(z, x, y, 1) ]. 2)

Substituting u# into Eq. (1), we find the following
coupled equations:

d9,A +3B[20,A9,B + 29,Ad,B
+20,A9,B + A(A| + 97)B] = yA; (3)

—Ad.B +1B[(A, + 07)A — A(9,B)?
— A(9,B)* — A(9,B)*] + xA® = 0. (4)

We seek traveling wave solutions to Egs. (3) and (4) and
assume the functions to be of the form:

A = f(z)F(0) + g(z)F~1(9); (5)
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0 = k(z)x + 1(2)y + m(2)t + w(z); (6)

B=a(x)x* +y*+ )+ b@x+y+1) +el) ()

where f, g, k, [, m, w, a, b, and e are the parameter
functions to be determined and F is a Jacobi elliptic
function (JEF). Substituting Egs. (5)—(7) into Egs. (3)
and (4) and requiring that x?F", y9F", and t1F" (g =
0,1,2, n =0, 1,2, 3) of each term be separately equal to
zero, we obtain a system of algebraic and first-order ordi-
nary differential equations that the parameters must satisfy
[14]:

df.
i+ 3aBf;  vf = 0 ®
f]( + 2ka,8) =0; )
f,( + 2laﬂ) = 0; (10)

d

fj<d—’? + 2ma,8) = 0; (11)

do
f; [d_ + Bk +1+ m)b] (12)
—fj< + 2,8:12) (13)
— fj< + 2Bab) =0; (14)

de 1 3
~ [ 5B P e, +3 882~ 3xr | =0

(15)
HIBUE + 1P+ mP)ey + xf1]=0; (16)
fLBUE* + P+ m?)ey + xf3]1=0, (17
where j = 1,2, f{ = f, and f, = g. The constants c, ¢,,

and ¢, appearing in Egs. (15)—(17) are related to the square
of the elliptic modulus M of JEFs (see Table I). By solving
Egs. (8)—(17) self-consistently, one obtains a set of con-
ditions on the coefficients and parameters, necessary for
Eq. (1) to have exact periodic wave solutions.

We consider the most generic case, in which f and g are
assumed nonzero and B(z) and y(z) are arbitrary. The
following set of exact solutions is found:

= (@), exp( [0 Z de), _ ‘/ief; (18)

k = ak, [ = aly, m = amy; (19)

TABLE I. Jacobi elliptic functions.

Solution Co cs cy F M=0 M=1
1 1 -1+M M sn sin tanh
2 1—-M?* 2M? —1 -M?* cn cos sech
3 M?* -1 2 — M? -1  dn 1 sech
4 M -1+ M 1 ns cosec  coth
5 -M? 2M?—1 1-M? nc sec cosh
6 -1 2-M?> M?*-1 nd 1 cosh
7 1 2-M* 1—M?* sc tan sinh
8 1—M? 2 — M? 1 ¢cs  cot  cosech
9 1 -1+M M cd  cos 1

10 M —(1+ M 1 dc  sec 1

W = Wy — a(ko + lU + mO)bo fz BdZ, (20)
0

a = aa, b = aby; 2D

e=ey+ %[(k(z) + B+ m3)(c, — 6€./cocy) — 3b0]f Bdz,
(22)

where a = [1 + 2a, [§ Bdz]™" is the normalized chirp
function. It is related to the wave front curvature and
presents a measure of the phase chirp imposed on the
wave. The subscript 0 denotes the value of the given
function at z = 0. A parameter € = *1 is introduced in
Egs. (18) and (22), to distinguish the two present
possibilities.

One should note the universal influence of the chirp
function « on the solutions. The chirp function is related
only to the diffraction or dispersion coefficient; however, it
affects all of the parameters. In the case when there is no
chirp, ay = 0, and « = 1, the parameters k, [, m, and b are
all constant. In the presence of chirp, they all acquire the
prescribed z dependence. The chirp also influences the
form of the amplitude A through the dependence of f, g,
and # on «. It should also be noted that y is not arbitrary
but depends on «, 3, and y:

/304
afg

Hence, to obtain exact solutions in a lossy medium, the
nonlinearity coefficient y must grow exponentially. In our
choice of independent coefficients, we could have equally
well chosen y and ; then 8 would have been dependent.

Incorporating these solutions back into Eq. (2), we
obtain the general periodic traveling wave solutions to
the generalized NLSE:

u = (a)?f, exp(/: 'ydz)l:F(ﬁ) + ‘/E—EGFI(H):I

X explila(x® + y* + 2) + b(x + y + 1) + e},
(24)

x= 2@+ B+m )exp(—zjoZ ydz). 23)
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FIG. 1 (color online). Periodic traveling wave solutions with
chirp, as functions of the propagation distance. (a) Intensity |u|?
of solution 1 and (b) of solution 2 from Table I, presented as
functions of kgx + lyy + mgt and z. Coefficients and parameters:
B(z) = cos(z), y(z) =y9=0, e=0, M =0.9999, ay = 0.1,
b()z l,eo=0,k0=lo=m0=1,andw0=0.

where 6 = wy + kx + Iy + mt — (k + [ + m)b, [ Bdz.
Apart from the solutions given in Egs. (18)—(22), one can
alternatively assume that g = 0, in which case one obtains
the exact same equations to which Egs. (18)—(22) would
reduce for € = 0. Thus, the parameter € in Eq. (24) can
take the three values: =1 and O.

The form of solutions depends on what JEFs are utilized.
Table I lists some of the JEFs (labeled from 1 to 10) that
may appear in the solutions. Note a relation among the
constants ¢, ¢;, and ¢y:

Co + Cy = iCz. (25)

As long as one chooses the constants according to the
relations listed in Table I and substitutes the appropriate
F(0) into Eq. (24), one obtains the exact periodic traveling
wave solutions to the generalized (3 + 1)D NLSE. The
parameter M varies between 0 and 1. When M — 0,
JEFs degenerate into trigonometric functions, and the pe-
riodic traveling wave solutions become the periodic trigo-
nometric solutions. When M — 1, JEFs degenerate into
hyperbolic functions, and the periodic traveling wave so-
Iutions become the light bullet soliton solutions. As long as
0 <M <1, there is no problem with the periodic solu-
tions; one can choose any of the listed functions. However,
when M = 0 or M = 1, only some of the functions may be
utilized, because of the developing singularities.

As an example, we present some of the periodic wave
and light bullet soliton solutions, taking the diffraction
(dispersion) coefficient 8 to be of the form g =
Bo cos(k,z) and the gain (loss) coefficient y to be a small
constant. This choice leads to alternating regions of posi-
tive and negative values of both 8 and y, which is required
for an eventual stability of soliton solutions. In Fig. 1, we
depict the periodic wave solutions made up from the single
F functions 1 and 2 from the table, with the chirp and for
€ = 0. Figure 2 shows the periodic wave solution made
from the combination of the F' functions 1 and 4 for € = 1,
without and with the chirp. As can be seen, the presence of
€ significantly changes the nature of solutions. Figures 3
and 4 present the light bullet soliton solutions, again with-

10 ¢
kox+lyy+my kox+lyy+myt 2
FIG. 2 (color online). Combined intensity distributions of the
periodic wave solutions 1 and 4, as functions of the propagation
distance, with € = 1. (a) Distribution without and (b) with chirp.
Other parameters are the same as in Fig. 1.

out and with the chirp. The effect of the particular periodic
chirp function is to produce a periodic variation along the
propagation direction and a monotonic asymmetric change
in the transverse directions. We note that the soliton solu-
tion is similar to a single period of the periodic wave
solutions for M close to 1. The period of the solution
stretches to infinity as M approaches 1, while the solitons
merge into each other as M decreases.

An important feature that distinguishes our solutions
from the others reported in the literature [9,14,15], apart
from the dimensionality, is the appearance of the general
spatiotemporal chirp function in both the phase and the
amplitude. Another important feature is that the z modu-
lation of both the diffraction or dispersion coefficient and
the nonlinearity coefficient, connected as they are through
Eq. (23), strongly affects the form and the behavior of
solutions.

In the end, we comment on the stability of solutions to
the generalized NLSE in (3 + 1)D. The current situation is
somewhat confusing and even controversial: Some authors
point out that it is possible to obtain stable solutions
without modulating the dispersion [6], others disagree
[71, and some others still claim that an additional trapping
potential is necessary [16]. Most of them consider the
stability of radially symmetric structures and do not in-
clude the modulation of diffraction. When only the disper-
sion is modulated, 3D light bullets seem to be unstable
[7,16]. In the presence of energy dissipation, or through a
feedback control, again the stabilization seems possible
[17].

(b)

FIG. 3 (color online). Light bullet soliton solutions without
chirp. The setup and parameters are as in Fig. 1, except for M =
1 and ay = 0.
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FIG. 4 (color online). Light bullet soliton solutions with chirp.
Setup is the same as in Fig. 3, except for ay = 0.1.

Our situation is different: The solutions are not radially
symmetric, and the modulation of both the diffraction or
dispersion and the nonlinearity is effected concurrently.
The issue of stability is involved and requiring a separate
report (in preparation). We perform numerical solution of
Eq. (1), with initial fields coming from Eq. (24), and with
alternating positive and negative regions of nonlinearity.
We utilize a split-step beam propagation method, adapted
for the z-dependent coefficients. Our preliminary results
indicate no collapse. Instead, stable propagation over tens
of diffraction lengths is observed. An example of such
behavior is displayed in Fig. 5, which essentially presents
a numerical rerun of Fig. 3(b).

In conclusion, we have solved analytically the (3 +
1)-dimensional generalized nonlinear Schrédinger equa-
tion with distributed diffraction, dispersion, nonlinearity,
and gain. A number of exact periodic wave solutions are

Intensity

3 t6
mO

FIG. 5 (color online). Numerical simulation of the light bullet
from Fig. 3(b). Initial data from Eq. (24) are propagated accord-
ing to Eq. (1) for 90 diffraction lengths along the z axis. Only the
dependence on ¢ is shown. The initial profile is noted by open
circles. The curves to the left present intensity profiles at the left
turning point, the curves to the right the profiles at the right
turning point. The curves at the center are snapshots of the
profiles passing approximately through the point r =0 (i.e.,
the frames closest to t = 0 are recorded). Three sets of 15 profiles
are overlapped at different z points, to show that no instabilities
develop.

found, and novel exact light bullet solutions are obtained.
The influence of the spatiotemporal chirp function on the
phase and the amplitude of solutions is displayed.

The work in China is supported by the National Science
Foundation of China and the Science Research Foundation
of Shunde College, China. The work at the Texas A&M
University at Qatar is supported by the Qatar National
Research Foundation.

*Corresponding author.
rhxie @physics.tamu.edu

[1] N.N. Akhmediev and A.B. Shabat, Solitons: Nonlinear
Pulses and Wavepackets (Chapman and Hall, London,
1997).

[2] V.E. Zakharov and A.B. Shabat, Sov. Phys. JETP 34, 62
(1972).

[3] Y.S. Kivshar and G.P. Agrawal, Optical Solitons, From
Fibers To Photonic Crystals (Academic Press, New York,
2003).

[4] I. Towers and B. A. Malomed, J. Opt. Soc. Am. B 19, 537
(2002).

[51 1. Bergé et al, Opt. Lett. 25, 1037 (2000); G.D.
Montesinos et al., Chaos 15, 033501 (2005); B.A.
Malomed, Soliton Management in Periodic Systems
(Springer, Berlin, 2006).

[6] S.K. Adhikari, Phys. Rev. A 69, 063613 (2004); Phys.
Rev. E 70, 036608 (2004).

[71 G.D. Montesinos, V.M. Perez-Garcia, and P.J. Torres,
Physica  (Amsterdam) 191D, 193 (2004); A.
Alexandrescu, G.D. Montesinos, and V.M. Perez-
Garcia, Phys. Rev. E 75, 046609 (2007).

[8] M. Centurion et al., Phys. Rev. Lett. 97, 033903 (2006);
M. Centurion et al., Phys. Rev. A 75, 063804 (2007).

[9] B.A. Malomed et al., J. Opt. B 7, R53 (2005).

[10] C. Sulem and P. Sulem, The Nonlinear Schrodinger
Equation: Self-focusing and Wave Collapse (Springer,
Berlin, 2000).

[11] Y.B. Zhou, M. L. Wang, and Y. M. Wang, Phys. Lett. A
308, 31 (2003); J. F. Zhang et al., Opt. Commun. 252, 408
(2005).

[12] L.Yang,J.Liu, and K. Yang, Phys. Lett. A 278, 267 (2001).

[13] W.P. Zhong and L. Yi, Phys. Rev. A 75, 061801(R)
(2007).

[14] W.P. Zhong et al., Phys. Rev. A 78, 023821 (2008).

[15] V.I. Kruglov, A.C. Peacock, and J. D. Harvey, Phys. Rev.
Lett. 90, 113902 (2003); Phys. Rev. E 71, 056619 (2005);
V.N. Serkin and A. Hasegawa, Phys. Rev. Lett. 85, 4502
(2000); V.N. Serkin, A. Hasegawa, and T.L. Belyaeva,
Phys. Rev. Lett. 98, 074102 (2007); V.M. Perez-Garcia,
P.J. Torres, and V.V. Konotop, Physica (Amsterdam)
221D, 31 (2006).

[16] M. Matuszewski et al., Phys. Rev. Lett. 95, 050403
(2005); M. Matuszewski et al., Phys. Rev. E 70, 016603
(2004).

[17] H. Saito and M. Ueda, Phys. Rev. A 70, 053610 (2004);
74, 023602 (2006).

123904-4



